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In developing designs for engineered mixtures to improve soil with stabilizers, it is always required that the effective rate of the stabilizer be determined
in the stabilization. However, there seems to be an insufﬁcient amount of effort in the decision-making related to the accuracy and the reliability of the
effective rate. This paper presents an application of a factorial experimental analysis, together with an effect size estimation, to investigate the effective
dosage rates of bottom ash to improve a ﬁne-grained soil. Unconﬁned compression tests have been conducted to measure the strength parameters
considered in the mixtures of soilþbottom ash for which the bottom ash dosages were 0, 5, 10, 15, 20, 25, and 30% by dry weight of the mixture. The
effective dosage rates, based on the strength parameters, have been evaluated primarily by multiple comparisons and Cohen's d. The results indicate that
while there is a signiﬁcant strength development with “moderate” to “strong” sizes on the untreated soil, due to the 30% bottom ash (po0.05, Cohen's
d41.15), the strength is insigniﬁcantly changed (increased or decreased) below the 30% dosage (p40.05, Cohen's dr0.41). It is found from the
experimental analysis that a factorial approach and an effect size estimation compare well in the decision-making. It is suggested from the results that
bottom ash can be adequately added to soil in the stabilization for both improvement (i.e., at 30% dosage) and replacement (i.e., below 30% dosage). The
proposed use of bottom ash would also be beneﬁcial for recycling and the sustainable development of the environment.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The engineering properties of marginal soils, such as ﬁne-
grained soil with a low bearing capacity and high settlement, can
be enhanced using soil-improvement techniques. The stabilization
of soil with different stabilizers (i.e., treatment materials) is one of0.1016/j.sandf.2014.04.017
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der responsibility of The Japanese Geotechnical Society.the efﬁcient ways among soil improvement techniques from the
point of economy as well as durability and strength. In this
method, the ﬁne-grained soil is mixed with the correct proportion
(i.e., effective dosage) of stabilizers, by the principles of mechan-
ical compaction, in order to increase durability and strength.
Recently, industrial waste materials (ﬂy ash, sludge ash, bottom
ash, etc.) have been very popular for use as soil stabilizers to
improve soil characteristics, since they have a good pozzolanic
activity with soil particles. In addition, the usage of such waste
materials beneﬁts the environment from the viewpoint of recycling
and sustainability (Lin et al., 2007; Hossain and Mol, 2011; Vichan
and Rachan, 2013; Horpibulsuk et al., 2013).
Bottom ash is an industrial by-product from the burning of coal
produced in power generation plants. It is relatively suitable for theElsevier B.V. All rights reserved.
Fig. 1. Location areas of the bottom ash and the soil supplied for the study.
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larly requiring a large volume of material, such as highway
construction, ﬁlls or backﬁlls, and has become a promising solu-
tion to the problem of disposing it in terms of the environment
(Kim and Prezzi, 2008). The performance of bottom ash as an
engineering material depends on several factors, such as grain size
distribution, density, compaction, shear strength, and hydraulic
conductivity. The grain size distribution for most bottom ash is
typical for sandy material (Huang and Lovell, 1990). The
unconﬁned compressive strength of a mixture containing dredged
soil, bottom ash, and cement increase with the increase in bottom
ash content and curing time due to the frictional resistance and the
pozzolanic effect coming from the bottom ash (Kim et al., 2011;
Kim and Do, 2012). Bottom ash with clay binders has the
potential for use in producing high quality aggregates (Geetha and
Ramamurthy, 2011). The high permeability of soil mixtures that
include bottom ash is available for the drainage in backﬁll mate-
rials in embankments where a high amount of annual rainfall
occurs (Jorat et al., 2011). A light-density material from the
bottom ash is ordinarily proposed for ﬁll constructions, as it can be
beneﬁcial for settlement problems in soft soils. Although com-
pacted mixtures of bottom ash have not been found suitable for the
construction of bottom liners in sanitary landﬁlls, due to relatively
high values of hydraulic conductivity, they are perfectly suitable
for the construction of highway embankments and the backﬁlls of
retaining walls against capillary frost action. The cured mixtures of
bottom ash produce an improvement in the shear and unconﬁned
compression strength values. The most notable increase in strength
is obtained in the mixtures with bottom ash and lime due to the
pozzolanic effect of bottom ash and the cementing ability of lime
(Kayabali and Bulus, 2000).
Up to now, the utilization of bottom ash as an engineering
material has been researched extensively. However, the number of
researches on the usage of it as a soil stabilizer for the stabilization
of ﬁne-graded soil is rare. In particular, there has been a dearth of
studies in which statistical analyses are performed to ﬁnd the
effective dosage of bottom ash that can best improve the engi-
neering properties of natural soil. The signiﬁcance level of treated
soil with different dosages of bottom ash, as compared with un-
treated soil, needs to be investigated through a comprehensive
statistical analysis for obtaining the reliable mix proportions in
practice. This issue should be seriously considered for large
construction projects, such as highway construction where cost-
beneﬁt relations are of primary concern. Thus, this point of view
encouraged the author to focus a study on the experimental data
analysis of the signiﬁcance level performed after an experimental
work in order to propose an effective dosage rate of bottom ash for
soil stabilization. The experimental work done on the soilþbottom
ash mixtures is mainly based on unconﬁned compression tests.
Unconﬁned compression tests can be adequately used for the
mixtures of geomaterials to obtain the prominent design parameters
for geotechnics and engineering geology. Some important applica-
tions of these tests include slope stability analyses, bearing capacity
analyses of foundations, rock mass characterization, and highway
stabilization (Ruffolo and Shakoor, 2009; Gullu and Hazirbaba,
2010; Kim and Do, 2012). The parameters considered for the
strength development of the mixtures from the unconﬁnedcompression tests in this study are as follows: (i) unconﬁned com-
pression strength, (ii) axial strain, (iii) energy absorption capacity,
(iv) resilient modulus, and (v) elastic modulus. The dosage of the
bottom ash added to the soil ranges from 0% to 30% by dry weight
of the mixture. Each test was performed with ten replicates for the
evaluations of statistical signiﬁcance. The level of signiﬁcance was
chosen as 5%, and the statistical methodology of the factorial
experimental analysis, mainly consisting of multiple comparison
techniques, was employed for the probability of signiﬁcance. The
multiple comparison technique enables one to make independent
statements about the differences among the several means with a
known level of conﬁdence (Bender and Lange, 2001; Miller and
Miler, 2004). Apart from the factorial analysis, an effect size
estimation has been performed for the magnitude of statistical
signiﬁcance.
The aim of the present research is to provide a preliminary
investigation of the statistical signiﬁcance of bottom ash dosages
for the improvement of ﬁne-grained soil (clay) properties. This
knowledge will be beneﬁcial to the utilization of bottom ash as a
stabilizer for soil stabilization in terms of reliability and statistical
robustness.
2. Experimental work
Experimental work is carried out to investigate the strength
improvement of a ﬁne-grained soil by adding bottom ash. It
consists of mainly unconﬁned compression tests on natural soil
samples (i.e., with no bottom ash); the soil samples are improved
with different amounts of bottom ash. The parameters measured for
the consideration of soil improvement from unconﬁned compres-
sion tests are listed as: (i) unconﬁned compression strength (UCS),
(ii) axial strain (strain), (iii) elasticity modulus (E), (iv) resilient
modulus (Mr), and (v) energy absorption capacity (Ed).
2.1. Materials
The bottom ash used here for soil treatment has been supplied
by the Seyitömer Thermal Power Plant, Kütahya, a domestic coal-
based plant in western Turkey (Fig. 1). Its gradation is in a range
from 0.075 mm to 4.75 mm, corresponding to ﬁne to coarse sand
particles. This is just in agreement with the deﬁnition of the grain
size distribution of bottom ash done by Huang and Lovell (1990).
The uniformity properties (i.e., Cu and Cc) of the bottom ash
showed that the gradation was within a narrow range of particles,
which is known as a poorly-graded material (or uniformly-graded
Fig. 3. Grain size distribution: (a) Bottom ash, (b) Soil (clay).
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it was a ﬁne-grained soil supplied from Gaziantep, Turkey (Fig. 1).
The soil classiﬁcation that follows the Uniﬁed Soil Classiﬁcation
System (USCS) refers the soil to low-plasticity clay (CL). Accor-
ding to AASHTO, the soil is classiﬁed as A-6 material (clayey
soil) which indicates a “fair to poor” rating as subgrade. A photo
and the grain size distributions for both bottom ash and soil are
shown in Figs. 2 and 3, respectively. The characteristics of bottom
ash and soil used in this study, including some physical and index
properties (Table 1(a)) and chemical compositions (Table 1(b)) are
presented in Table 1.
2.2. Testing procedure
The experimental work, which includes two usable sample
categorizations, is conducted to evaluate the statistical signiﬁcance
of the effective dosage: (a) control group including experiments on
natural soil (untreated soil) without bottom ash, (b) testing group
including experiments on soil treated with bottom ash at seven
different dosages. The bottom ash dosages are employed as 0%,
5%, 10%, 15%, 20%, 25%, and 30% by dry weight of the mixture
(soilþbottom ash). There is no deﬁnite rule about how many
samples should be taken for the signiﬁcance consideration within a
testing group per stabilizer dosage. The author has beneﬁted from
past studies (Bender and Lange, 2001; Ruffolo and Shakoor, 2009)
in terms of determining the sample number. An equal sample size
is chosen; ten samples are tested for each dosage in order to take
the statistical considerations into account. It has been reported that
choosing equal-sized samples over unequal-sized samples has
some advantages, such as the insensitivity of the F-ratio to slight
departures and the minimization of the probability of committing a
type II error (i.e., the failure to reject a false null hypothesis)
(Walpole et al., 2002). Unsoaked sample conditions (i.e., where
adequate drainage and unsaturated conditions are assumed to beFig. 2. Bottom ash and cvalid for the applications in practice) are applied in the experi-
mental work due to the recommendations of past studies (Gullu
and Hazirbaba, 2010). Therefore, the results of this paper are only
applicable to cases for which there is no danger of direct contact
with groundwater. In all tests, the soil samples were compacted (at
the optimum moisture content of natural soil) to dry unit weights as
being a minimum of 95% of the maximum dry unit weight of the
natural soil obtained ASTM D, 1557-07.lay used in the study.
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height, were produced. Initially, the oven-dry soil was thor-
oughly hand mixed with oven-dry bottom ash and water in a
tray. Thereafter, the mixture was put into a sealed plastic bag
where the mixing was continued by shaking and overturning
the bag for at least 4 min. Extreme care was taken during the
mixing process to ensure a uniform mixture. The mixture
inside the sealed plastic bag was allowed to stand about 18 hFig. 4. The testing machine a
Table 1
Characteristics of bottom ash and soil used in this study.
(a) Some physical and index properties
Property Bottom ash Clay
Speciﬁc gravity 2.1 2.65
Maximum dry unit weight (kN/m3) 8.7 18
Optimum moisture content (%) 18 16
Cu 2 –
Cc 0.9 –
Liquid limit (%) – 30
Plastic limit (%) – 19
Plasticity index (%) NP 11
Classiﬁcation (USCS) SP CL
Classiﬁcation (AASHTO) A-3 A-6
NP: non-plastic
(b) Chemical compositons
Compositon (%) Bottom ash Clay
SiO2 52.45 47.94
Al2O3 16.02 28.21
Fe2O3 8.55 2.49
CaO 6.04 1.38
MgO 2.25 1.48
SO3 0.57 –
Na2O 0.53 1.20
K2O 2.05 2.14prior to compaction in order to achieve equilibrium of the free
moisture. Then, the samples were compacted inside a PVC
plastic mold that had a split lengthwise on the side and a clamp
around the perimeter against lateral expansion. The compac-
tion was done with modiﬁed Proctor energy conforming to the
procedure of ASTM D, 1557-07 (Ladd, 1978; Santoni et al.,
2002; Gullu and Hazirbaba, 2010). After that, the samples
were carefully removed from the plastic mold, and the dimen-
sions and the weights of the samples were measured. Finally,
unconﬁned compression tests were performed to obtain the
strength parameters of the improvement in the usage of
statistical evaluations.
Unconﬁned compression tests were carried out according to
ASTM D, 2166-06 (Lin et al., 2007; Gullu and Hazirbaba, 2010).
A universal test machine (Shimadzu AG-X) with a maximum load
capacity of 100 kN was used for the testing. This testing machine
has a good capability of obtaining a relatively sufﬁcient amount of
data (over 4500 items) to generate very sensitive stress–strain
curves for estimating a reliable elasticity modulus and to interpret
the test results effectively. A loading rate of 0.05 MPa/min was
applied until the sample failured. The unconﬁned compression
tests were performed with a total of 70 samples producing the 350
items of data for the parameters. The testing machine and some
tested samples are given in Fig. 4. The unconﬁned compression
strength (UCS) was determined by the maximum (peak) stress
attained, or by the stress at 15% axial strain, whichever was
obtained ﬁrst. The axial strain is the value where UCS is obtained.
The axial strain capability of the mixtures can be beneﬁcial for
understanding the ductility (or brittleness) behavior (Consoli et al.,
2002; Gullu and Hazirbaba, 2010). The elasticity modulus
(Young's modulus) (E) can be determined from the slope (usually
the initial tangent modulus) of the stress–strain curves from the
unconﬁned compression tests (Bowles, 1996). The initial tangentnd some samples tested.
Fig. 5. Experimental results in the frequency histogram with normal distribution curve. (BA: bottom ash).
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Table 2
Some descriptive statistics of experimental results.
Testing group
(k)
n Parameter UCS
(kPa)
Strain
(%)
Ed
(kN m/
m3)
Mr
(MPa)
E
(MPa)
BA-0% 10 Minimum 140 1.7 2.3 17 3
Maximum 495 6.9 8.1 203 30
Mean 291 3.45 5.17 90 15
(Untreated soil) Std.
deviation
114 1.8 2.2 59 9
(Control group) Skewness 0.69 1.12 0.11 0.69 0.47
Kurtosis 0.25 0.13 1.68 0.08 0.79
BA-5% 10 Minimum 160 1.5 1.8 36 6
Maximum 421 6.2 12.4 155 26
Mean 304 2.93 5.54 106 18
Std.
deviation
78 1.6 3.4 44 8
Skewness 0.29 1.57 1.10 0.58 0.49
Kurtosis 0.02 1.29 0.59 1.05 1.46
BA-10% 10 Minimum 212 1.5 1.6 55 10
Maximum 466 8 11.6 190 36
Mean 374 4.36 6.9 103 20
Std.
Deviation
72 2.2 3.2 46 8
Skewness 1.25 0.14 0.42 0.96 1.06
Kurtosis 2.10 1.07 0.92 0.09 1.13
BA-15% 10 Minimum 200 2.9 4.4 22 5
Maximum 369 5.5 9.2 121 20
Mean 297 4.11 6.73 54 10.3
Std.
deviation
65 0.9 1.5 37 5
Skewness 0.66 0.37 0.14 1.09 1.01
Kurtosis 1.33 0.89 0.80 0.44 0.12
BA-20% 10 Minimum 180 2.4 3.4 30 9
Maximum 596 4.6 12.3 81 22
Mean 375 3.47 7.06 52 14.6
Std.
deviation
127 0.8 3.1 18 4
Skewness 0.23 0.36 0.23 0.17 0.50
Kurtosis 0.60 1.09 1.23 1.38 0.11
BA-25% 10 Minimum 182 1.7 2.5 36 2
Maximum 436 5.2 6.6 176 31
Mean 316 2.88 4.8 100 15.1
Std.
deviation
85 1.3 1.4 52 11
Skewness 0.01 0.90 0.34 0.28 0.40
Kurtosis 1.17 0.70 1.07 1.06 1.42
BA-30% 10 Minimum 290 1.8 5.5 45 21
Maximum 1242 6.6 17.4 278 62
Mean 577 3.31 9.37 142 33
Std.
deviation
255 1.5 3.3 71 12
Skewness 2.21 1.58 1.74 0.70 1.68
Kurtosis 6.27 1.74 4.12 0.10 2.72
BA: bottom ash; n: number of samples or observations per treatment.
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study. The resilient modulus, which is an important property of
subgrade soils in pavement design, could be estimated from the
unconﬁned compression tests using the following regression-based
model (R2¼0.97) proposed in the literature (Lee et al., 1995):
Mr¼ 606:6SU1% ð1Þ
where SU1% is the stress at an axial strain of 1% in unconﬁned
compression tests and Mr is the resilient modulus in psi (1 psi¼
6.9 kPa). The energy absorption capacity (kN m/m3) of the
mixtures could be determined by the area under the stress–strain
curve from the unconﬁned compression tests. It can be useful for
measuring the improvement in toughness due to the stabilizer
inclusion (i.e., bottom ash in this study) (Consoli et al., 2002).
The energy absorption capacity (Ed) in this study was calculated
by taking into consideration the area under the stress–strain
curves up to the failure strain at UCS (i.e., peak stress).
2.3. Testing results and discussion
In this section, the testing results are presented with some
discussions. The experimental results of the addition of bottom ash
to natural soil in terms of the strength parameters have been given
in Fig. 5. The results are shown in the frequency histogram with
normal distribution curves. The normal distribution curves seem to
follow a well-ﬁt trend with the majority of the testing results. This
allows the strength parameters to be represented by the testing
samples. Some descriptive statistical parameters for the testing
results are given in Table 2. It can be said that there were simi-
larities in the failure mode (shear failure) and in the shape of
stress–strain curve among the test cases in each testing group as
well. Considering the mean values of the descriptive statistics
indicates that a strength increment develops in the majority of the
treatments (Table 2). This agrees well with Kim and Do (2012),
who reported that the bottom ash contributes to the strength
development in composite materials due to the frictional resistance
and pozzolanic reaction. The frictional resistance occurs due to the
mineral-to-mineral friction and interlocking. Due to the pozzolanic
reaction, the strength development is expected to increase with
time (Lambe and Whitman, 1979; Kim and Do, 2012). Since
bottom ash is solid and angular in shape, it will increase the
interlocking in the geomaterial. Actually, the mineral-to-mineral
friction is shear resistance from the particle-to-particle friction angle
in the composite (Kim and Do, 2012). A microscopic photo of the
bottom ash particles used in this study is given in Fig. 6.
The highest development in the strength variables of UCS, Ed,
Mr, and E was measured by the addition of 30% bottom ash,
while the best performance of axial strain was obtained at the
dosage of 10% (Table 2). The greater strength means a greater
degree of interlocking as well as friction (Lambe and Whitman,
1979). The frictional resistance mechanism seems to relatively
contribute to the increment in strength behavior at the dosage
of 30% (Kim and Do, 2012). The relative gains (Kaniraj and
Havanagi, 2001) obtained are 98%, 81%, 57%, and 121%,
respectively, for the strength variables of UCS, Ed, Mr, and E
at the dosage of 30%. The relative gain is the ratio of the
difference in the strength property between the treated soil and thenatural soil to the strength property of the natural soil (for instance,
the relative gain for UCS, GR¼ [(UCS(soilþbottom ash)UCSsoil)/
UCSsoil], and for Ed, Mr, and E, a similar formula by replacing
with UCS. The most relative gain is produced for the elasticity
modulus (E). There are clear enhancements in the treated soil by
the relative gains. Especially in terms of the UCS at the dosage of
30%, it is found that the untreated soil is improved to “very hard
consistency” (i.e., UCS4400 kPa) from the viewpoint of strength
Fig. 6. A microscopic photo of bottom ash particles used in the study.
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given by Terzaghi et al. (1996). This improvement moderately
compares with the effective dosage proposed by ASTM D, 4609
(i.e., where it is suggested that an increase in UCS of 345 kPa or
more due to treatment be considered effective). At the remaining
dosages of bottom ash, other than 30%, the strength variables
change slightly by a random increase or decrease (Table 2). From
the friction mechanism point of view, this indicates that the
magnitude of friction or interlocking slightly affects the overall
resistance (Kim and Do, 2012). Holtz et al. (2011) reported that
two important features, surface roughness and surface absorption,
affect the frictional resistance. However, to identify these inﬂu-
ences requires a microstructure analysis, which is a separate
investigation to be a topic of future study. The natural soil can be
classiﬁed as “hard consistency” (i.e., 200 kPaoUCSo400 kPa)
(Terzaghi et al., 1996) and this strength consistency of natural soil
does not disappear under the slight changes due to the bottom ash
inclusions (i.e., 5–25%). At the remaining dosages, this ﬁnding
relatively promises a replacement of natural soil with bottom ash
at least.
In some considerations of the correlations among the variables,
it is known from the literature that the unconﬁned compressive
strength correlates well with the elasticity modulus and the
resilient modulus (Bowles, 1996; Gullu and Hazirbaba, 2010).
It is found from the correlations that the variables of UCS and E
are strongly correlated in natural soil (R=0.83), but only
moderately in most of the treated soils (R mostly from 0.58 to
0.80). This may indicate some effects of bottom ash particles on
the linear behavior of the geomaterial (Lambe and Whitman,
1979). On the other hand, some effects due to the estimation
method of the elasticity modulus should not be eliminated from
the correlation results (Bowles, 1996; Holtz et al., 2011). As for
the UCS versus Mr, they are moderately correlated for both the
natural and the treated soils (R mostly from 0.48 to 0.72). Within
the various factors affecting the resilient modulus (reported in
Lee et al., 1995), it is strongly possible that the compaction
parameters (moisture content and dry unit weight) mostly did
control the modulus values in the testings of natural soil and
treated soil. It is reported that dry side compaction shows higherMr values and that resilient strains increase rapidly with an
increase in the moisture content above the optimum value causing
a decrease in Mr (Thompson and Robnett, 1979).
As for the variables of “strain” and “Ed”, it is well known that
strain and the energy absorption capacity are relatively beneﬁcial
for considering the material behavior, respectively, representing
ductility (or brittleness) and toughness (absolute toughness)
(Consoli et al., 2002; Gullu and Hazirbaba, 2010). The “strain”
values for natural soil (3.45%), due to the bottom ash inclusions,
vary in a narrow range from 2.8% to 4.36% in mean (Table 2), and
exhibit no correlation with the increased dosages. Moreover, an
examination of the stress–strain curves of the testing samples
relatively reveals a response of “strain-softening” in terms of curve
shape. These ﬁndings strongly indicate the brittle behavior on the
natural soil due to the bottom ash inclusions, and compare well
with the study of Jorat et al. (2011). They report that bottom ash
alone possesses brittle behavior. When the bottom ash dosage in
the mixture is high, it is possible to display a tendency for high
brittleness (i.e., less ductile behavior). For the results of Ed in
Table 2, it is found that Ed follows a trend in a moderate corre-
lation (R¼0.56) with the increased bottom ash dosages. This
indicates that the bottom ash inclusion results in some changes in
toughness of natural soil. In regards to this point, it should be noted
that the toughness is closely related to the strength and ductility of
the material. For an ideal brittle material, its value is expected to be
in a decrement trend (Consoli et al., 2002; Sobhan and Mashnad,
2002). On the other hand, the bottom ash inclusions based on the
“strain” variable and the stress–strain curves discussed above
produce brittle behavior. Therefore, some contributions obtained
in the toughness from the Ed results seem to be interesting and
should be investigated in detail to grasp the probable underlying
microstructural aspects that govern the composition.
On the whole, the bottom ash addition has some effects on the
strength properties of natural soil, as can be seen from Fig. 5 and
Table 2. It can be said that a bottom ash dosage of 30% clearly
affects the strength property of natural soil. It can be concluded
that the inclusion effects are very optimistic in terms of using the
ash for the treatment of natural soil. However, the signiﬁcance of
the bottom ash effect at the tested dosages could not be directly
assessed from the results, particularly for the soil stabilization
applications. Thus, this issue needs to be statistically investi-
gated, which shall be done next.
2.4. Statistical methodology
The statistical methodology of a factorial analysis, applied to
determine the effective bottom ash dosage for statistical signiﬁ-
cance, includes one-factor experiments and multiple comparisons.
The multiple comparisons have been supported by multiple-range
tests (Waller–Duncan's procedure). One of the main advantages of
multiple-test procedures is that they are universally applicable for
different types of data and different test statistics (Bender and
Lange, 2001). In addition, multiple-comparison procedures are
appropriate for comparing sets of treatments, especially when the
objective is to perform a data analysis and to choose the best
treatment (Miller and Miler, 2004). The statistical study has been
completed by an effect size estimation for the magnitude of
Table 3
Test of normality of strength parameters within the groups.
Test UCS Strain Ed Mr E
Chi-Square statistics 4.29 25.09 11.60 16.31 21.00
p-Value 1.000 0.764 1.000 1.000 0.960
Kolmogorov–Smirnov statistics 0.62 1.40 0.55 0.80 0.74
p-Value 0.839 0.039 0.927 0.544 0.643
Table 4
Homogeneity of variances of the strength parameters within the groups.
Parameter Levene statistic p-Value
UCS 1.450 0.210
Strain 2.494 0.031
Ed 2.011 0.077
Mr 1.798 0.114
E 2.276 0.047
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tions in this work beneﬁt from MS Excel and SPSS statistical
software programs (Ver.15.0.2006).
3. One-factor experiments
The signiﬁcance of the effective dosage rate has been deter-
mined by the p-value approach. The p-value is the lowest level of
signiﬁcance at which the observed value of the test statistics is
signiﬁcant. The level of signiﬁcance has been chosen as 0.05 that
is mostly offered for experimental analysis. If the p-value is lower
than or equal to the level of signiﬁcance, then the null hypothesis
(i.e., there is no signiﬁcant difference between mean values) is
rejected. This indicates that the mean difference between the
control and the testing group can be informally referred to as
“statistically signiﬁcant” (Walpole et al., 2002).
For the decision-making about the effect of the admixture
(bottom ash) at different dosages on the treatments, one-factor
experiments of an analysis of variance (or single-factor experi-
ments of an analysis of variance) are performed. This is the most
common procedure that compares the means of the samples (i.e.,
10 samples for each dosage in this study) or groups in order to
make inferences about the means of populations (i.e., the means
of the groups of bottom ash dosages in this study). It allows the
experimenter to test if any of several means are different from
each other. The F test evaluates whether the group means on the
dependent variable differ signiﬁcantly from each other. That is,
an overall analysis is carried out to assess whether means on a
dependent variable are signiﬁcantly different among the groups.
In the methodology of the analysis of variance to test the popu-
lation means for one-factor experiments, three important mea-
sures of variability are described, just as were done for the
regression theory (Walpole et al., 2002):
SST¼ ∑
k
i ¼ 1
∑
n
j ¼ 1
ðyijy::Þ2 ð2aÞ
SSA¼ n ∑
k
i ¼ 1
ðyi:y::Þ2 ð2bÞ
SSE¼ ∑
k
i ¼ 1
∑
n
j ¼ 1
ðyijy:Þ2 ð2cÞ
where yij denotes the jth observation from the ith treatment, y:: is
the mean of all nk observations (n: number of samples per
treatment, k: number of treatments), y: is mean of all observa-
tions in the sample from the ith treatment, SST is “total sum of
squares”, SSA is “treatment sum of squares”, and SSE is “error
sum of squares”. The sum-of-squares can be symbolically
represented by the equation SST¼SSAþSSE. This expresses
how between-treatment and within-treatment variations add to
the total sum of the squares. The F-ratio with the treatment mean
square residing in the numerator is used to estimate the p-value.
For a thorough discussion and computation of the analysis-of-
variance, the readers are referred to Walpole et al. (2002).
The analysis of variance in this investigation has been conducted
by the following assumptions suggested in the literature (Winer,1971; Ferguson, 1981): (i) Assumption of independence: The
value of one observation in the tested dosages is not related to any
other observation. This assumption is tested by an examination of
the design of the study, and it is conﬁrmed that k groups (i.e.,
bottom ash dosages) are independent of each other. (ii) The assum-
ption of normality: This assumption provides that the populations
or dosage groups from which samples are selected are normally
distributed (a theoretical requirement of the underlying distribution,
the F distribution). The assumption of normality has been tested
through the goodness-of-ﬁt tests of Chi-Square and Kolmogorov–
Smirnov (Table 3). From the goodness-of-ﬁt tests, it is found
that most of the p-values, except the “strain” parameter in the
Kolmogorov–Simirnov test, are greater than the signiﬁcance level
of 0.05. Thus, the assumption of normality has been met for the
samples of the experimental study. (iii) The assumption of homo-
geneity of variances (i.e., the variances of the distributions within
each of the populations are equal): The analysis of variance works
well even when this assumption is violated except in the case
where there are unequal numbers of subjects in the various groups.
Levene's statistics have been used to test the assumption of
homogeneity of variances (Table 4). If the p-value is less than
or equal to the level of signiﬁcance (i.e., 5% in this study), then it
is rejected that the variances are equal. If the p-value is greater than
the level of signiﬁcance, then it is failed to reject that the variances
are equal, and the homogeneity of variance assumption has been
meet. Table 4 shows that the strength parameters of “strain” and
“E” have little evidence that the variances are not equal. However,
the remaining parameters are reasonably satisﬁed with the homo-
geneity of variance assumption. This ﬁnding roughly offers that the
equal variances can be assumed for evaluations of one-factor
experiments of the analysis of variance.
Underlying the above assumptions, the analysis of variance is
performed and the results are summarized in Table 5. Since the
assumptions are satisﬁed with the statistical tests, the procedure
for the analysis of variance is said to be robust with respect to
violations. As mentioned before, if the p-value is less than or
equal to the signiﬁcance level of 5%, it is rejected that all the
Table 5
Analysis of variance for one-factor experiments of the strength parameters
between groups and within groups.
Parameter Source of variation Sum of
squares
df Mean
square
F p-Value
UCS Between groups 385,547 6 64,258 7.0 0.000
Within groups 579,722 63 9202
Total 965,269 69
Strain Between groups 19 6 3 1.4 0.238
Within groups 142 63 2
Total 161 69
Ed Between groups 143 6 24 3.3 0.007
Within groups 458 63 7
Total 601 69
Mr Between groups 58,796 6 9799 4.1 0.002
Within groups 151,902 63 2411
Total 210,697 69
E Between groups 3179 6 530 7.3 0.000
Within groups 4590 63 73
Total 7769 69
Between groups: Treatments (SSA); Within groups: Error (SSE); Total: SST;
df: degrees of freedom (df¼k1 for treatments, df¼k(n1) for error);
s21 ¼
SSA
df
; s2 ¼ SSE
df
; F ¼ s
2
1
s2
.
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least one of the means within the testing groups is signiﬁcantly
different from the control group. As can be seen in Table 5, only
the p-value of the “strain” parameter within the strength para-
meters is greater than the signiﬁcance level of 5%. Thus, for the
“strain” parameter, there is insufﬁcient evidence to claim that
some of the means in the treatments may be different from each
other. On the other hand, all the remaining parameters have
p-values less than the signiﬁcance level of 5%. This can infer
that the means of UCS, Ed, Mr, and E are signiﬁcantly changed
(or different) due to the bottom ash inclusion by at least one of
the testing groups as compared to the control group. This
indicates that the addition of bottom ash is able to contribute to
the improvement of some strength parameters of natural soil. In the
comparison of more than two means, the analysis of variance
would determine whether the means are signiﬁcantly different from
each other, but it will not estimate which means differ from each
other (Miller and Miler, 2004). Therefore, even though the analysis
of variance has been done, it is still unknown which dosage levels
of treatments are statistically signiﬁcant on the differences of mean
as compared with the control group. This knowledge is relatively
important for the determination of the effective dosage level (or
levels) among the treatments. Next, the statistical methodology for
this purpose is applied and discussed in detail.
4. Multiple comparisons
The statistical signiﬁcance of differences among group means
calculated after the analysis of variance can be determined by
multiple comparison tests. When the F-ratio is statistically signi-
ﬁcant, the experiments are required for the investigation by the
multiple comparisons. Even though the F-ratio is not statistically
signiﬁcant, it is suggested that multiple comparisons be performedin order to see how they are interpreted. The test is developed
through the use of F, t or a conﬁdence interval approach (Walpole
et al., 2002). The multiple comparison tests are mainly conducted
in two categorizes based on whether the assumption of homo-
geneity of variances (equal variances) between the population
groups has been meet or not (Nelson, 1983). Since one-factor
experiments for the analysis of variance (see Section 3) is satisﬁed
with the assumption of homogeneity, the multiple comparison
tests suitable for the equal variances have been applied in
this study.
On the basis of equal variances, several multiple comparison
tests have been proposed in the literature (Tukey HSD, Scheffe,
LSD, Bonferroni, Sidak, Gabriel, Hochberg, Dunnett, etc.). These
tests generally present different results as well as different critical
regions in the normal distribution curves (Ferguson, 1981;
Hochberg and Tamhane, 1987; Bender and Lange, 2001).
Tukey's HSD test and the Scheffe test are the two best known
among them. The Scheffe test is the most ﬂexible and the most
conservative measure that is able to control the conﬁdence
interval as the number of groups increased (Scheffe, 1959). It
is reported that the LSD (least signiﬁcant difference) test has
some drawbacks for the number of groups (k) greater than 3. It is
fairly sensitive to type I errors (i.e., rejecting the individual null
hypothesis although it is in fact true) with an increased number of
groups. Thus, the LSD test is not suggested for comparisons with
larger numbers of groups in the experiments (k43) (Efe et al.,
2000). The Sidak test is developed particularly to overcome the
disadvantages of LSD. It is stronger against type I errors as
compared with LSD (Kayri, 2009). Although the majority of the
methods (Scheffe, LSD, Benforoni, Sidak, etc.) do not need an
equal number of samples between the population groups, the
methods of Tukey HSD and Gabriel require an equal sampling
size for the comparison (Hochberg and Tamhane, 1987; Kayri,
2009). While the Dunnett test compares simultaneously each
treatment with only the control group, the remaining tests are able
to make paired comparisons among the treatments as well as the
control group. It is usually suggested that the Dunnett test be used
in experimental works where the control group is applied only for
a comparison with the testing groups (just as the case in this
study) (Walpole et al., 2002; Kayri, 2009). Considering the
abilities of the above comparison tests, all the procedures, except
LSD, seem to be adequate for comparisons of the signiﬁcance
differences in the experimental analysis of this work.
Applying the multiple comparison testing procedures, the
p-values that represent the signiﬁcant differences between the
control mean (0% BA) and each treatment (5–30% BA dosages)
have been estimated (Table 6). The p-values are presented
together with the mean differences between the control and the
testing groups. The mean differences show that the treatments
mostly have an increment trend in the strength parameters. It is
generally observed that the p-values decrease with an increase in
the mean differences (i.e., increased signiﬁcance effect). This
ﬁnding matches the strategy of the experimental design through
the analysis of variance. An overall examination of the compar-
ison test results indicates that the strength parameters of UCS, Ed,
and E are signiﬁcantly improved (increased) by the addition
of 30% bottom ash to the natural soil (i.e., po0.05). The same
Table 6
Multiple comparisons of control group with testing groups.
Parameter Control group Testing group Mean differencea,b Tukey HSD Scheffe LSD Bonferroni Sidak Gabriel Hochberg Dunnett
p-Value p-Value p-Value p-Value p-Value p-Value p-Value p-Value
UCS 0%BA 5%BA 12 1.000 1.000 0.777 1.000 1.000 1.000 1.000 1.000
0%BA 10%BA 83 0.470 0.714 0.058 1.000 0.717 0.685 0.685 0.233
0%BA 15%BA 6 1.000 1.000 0.898 1.000 1.000 1.000 1.000 1.000
0%BA 20%BA 83 0.461 0.707 0.057 1.000 0.706 0.674 0.674 0.227
0%BA 25%BA 25 0.997 0.999 0.567 1.000 1.000 1.000 1.000 0.983
0%BA 30%BA 226 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Strain 0%BA 5%BA –0.5 0.987 0.996 0.441 1.000 1.000 1.000 1.000 0.932
0%BA 10%BA 0.9 0.823 0.931 0.180 1.000 0.985 0.977 0.977 0.574
0%BA 15%BA 0.7 0.956 0.986 0.329 1.000 1.000 1.000 1.000 0.831
0%BA 20%BA 0.0 1.000 1.000 0.976 1.000 1.000 1.000 1.000 1.000
0%BA 25%BA –0.6 0.979 0.994 0.399 1.000 1.000 1.000 1.000 0.902
0%BA 30%BA –0.1 1.000 1.000 0.835 1.000 1.000 1.000 1.000 1.000
Ed 0%BA 5%BA 0.4 1.000 1.000 0.760 1.000 1.000 1.000 1.000 0.999
0%BA 10%BA 1.7 0.781 0.911 0.156 1.000 0.972 0.960 0.960 0.518
0%BA 15%BA 1.6 0.852 0.945 0.201 1.000 0.991 0.986 0.986 0.618
0%BA 20%BA 1.9 0.703 0.870 0.122 1.000 0.935 0.915 0.915 0.428
0%BA 25%BA –0.4 1.000 1.000 0.760 1.000 1.000 1.000 1.000 0.999
0%BA 30%BA 4.2 0.015 0.076 0.001 0.019 0.019 0.019 0.019 0.005
Mr 0%BA 5%BA 15 0.993 0.998 0.491 1.000 1.000 1.000 1.000 0.959
0%BA 10%BA 12 0.998 0.999 0.574 1.000 1.000 1.000 1.000 0.984
0%BA 15%BA –36 0.646 0.837 0.102 1.000 0.896 0.872 0.872 0.373
0%BA 20%BA –39 0.584 0.797 0.084 1.000 0.843 0.814 0.814 0.318
0%BA 25%BA 10 0.999 1.000 0.663 1.000 1.000 1.000 1.000 0.996
0%BA 30%BA 51 0.246 0.496 0.023 0.482 0.386 0.366 0.366 0.102
E 0%BA 5%BA 3 0.983 0.995 0.420 1.000 1.000 1.000 1.000 0.918
0%BA 10%BA 5 0.832 0.936 0.186 1.000 0.987 0.980 0.980 0.588
0%BA 15%BA –5 0.890 0.961 0.233 1.000 0.996 0.993 0.993 0.683
0%BA 20%BA 0 1.000 1.000 0.938 1.000 1.000 1.000 1.000 1.000
0%BA 25%BA 0 1.000 1.000 0.958 1.000 1.000 1.000 1.000 1.000
0%BA 30%BA 18 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000
aMean difference¼ testing meancontrol mean.
b( ) Indicates a decrease on the parameter.
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indicates the granular nature of bottom ash, which renders a
stronger bonding with the soil (Jorat et al., 2011). In the remaining
bottom ash dosages (other than 30%), even though there seems to
be some improvements (increase) in the soil parameters, they are
statistically insigniﬁcant (i.e., p40.05). This is also valid for the
treatments which result in a decrease in these parameters (i.e., there
is no a statistically signiﬁcant decrease in the parameters of UCS,
Ed, and E in the dosages other than 30% bottom ash). As for the
parameters of strain and Mr, it is found that the bottom ash dosages
(testing groups) do not cause a signiﬁcant difference (increase or
decrease) in the mean values of the natural soil (control group)
(i.e., p40.05). The insigniﬁcancy in the experimental results may
be due to some physical aspects of bottom ash in the geomaterial
(Kayabali and Bulus, 2000). Even though the mean difference in
the variable of Mr is estimated to be statistically signiﬁcant from
the analysis of variance (see Table 5), it should be noted that
signiﬁcant differences occur only between the testing groups, not
between the control and the testing groups. From the statistical
ﬁndings of the comparison tests, it can be concluded that a bottom
ash dosage of 30% could be adequately proposed for the
improvement of natural soil (ﬁne-grained soil) in terms of the
parameters of UCS, Ed, and E as a soil stabilizer in the applicationsof highways, embankments, backﬁlls, etc. However, it should be
restated that this is the conclusion drawn for dosage rates limited
up to 30% in this study. Higher dosages than 30% should be
investigated as the topic of a separate study. As for the bottom ash
dosages up to 25%; since they did not signiﬁcantly decrease the
strength parameters of the natural soil, it is likely that they can be
potentially offered for geotechnical applications by replacement
with natural soil at least (i.e., the usage in place of soil even though
no enhancement has been arisen). This attempt at their resuse
contributes to a friendly solution to the disposal problem of bottom
ash for the environment. The values of the proposed potential
dosage rates of bottom ash seem to be a good agreement with the
ones obtained in past works (Kayabali and Bulus, 2000; Kim and
Prezzi, 2008; Kim and Do, 2012; Boonserm et al., 2012). It is
reported that a 3-to 20 fold increase was observed in the uncon-
ﬁned compression strength of the cured samples containing large
amounts of bottom ash dosages with 30% or greater (Kayabali and
Bulus, 2000). However, it should be emphasized that the testing
conditions, particularly the compaction method and the curing
conditions, should not be underestimated in terms of their
signiﬁcance to the dosage rate.
For some criticisms of the test procedures (Table 6), it can be
said that only the LSD test estimates a signiﬁcant improvement in
Table 7
Statistical differences of means by Waller–Duncan's multiple-range test.
Parameter Control group Testing group
0%BA 5%BA 10%BA 15%BA 20%BA 25%BA 30%BA
UCS (kPa) 291a 304a 374a 297a 375a 316a 517b
Strain (%) 3.45a 2.93a 4.36a 4.11a 3.47a 2.88a 3.31a
Ed (kN m/m3) 5.17a 5.54a 6.9ab 6.73ab 7.06ab 4.8a 9.37b
Mr (MPa) 90ab 106ab 103ab 54a 52a 100ab 142b
E (kPa) 15ab 18ab 20b 10.3a 14.6ab 15.1ab 33c
a, b, c, d In the same row, the mean values with different letters show statistically signiﬁcant difference.
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produces fairly close values to the signiﬁcance level of 0.05 for
the UCS in the remaining dosages. This may be attributed to
some drawbacks of LSD test due the limitations coming from the
number of groups, explained earlier (i.e., k43) (Efe et al., 2000).
Although most of the comparison tests produced a signiﬁcant
difference in the Ed parameter, it is not found statistically
signiﬁcant by Scheffe's test (p¼0.076). The Scheffe test is
perhaps the most popular comparison test, but it is often a trend
to adjust the level of signiﬁcance for all pairs of comparisons of
means, which may result in different p-values than the other
comparison tests (Scheffe, 1959). It is seen from the results that
the Gabriel and Hochberg tests yield exactly the same p-values.
This is probably coming from the equal number of samplings
in the population groups in this work. To that effect, it may be
useful to note that Gabriel's procedure is proposed if the
sample size varies a little, whereas Hochberg's procedure is often
used when the sample sizes vary signiﬁcantly (Hochberg and
Tamhane, 1987). It is worth considering that all the p-values
45% (i.e., not statistically signiﬁcant) estimated by Benferroni's
test in Table 6 are found equal to 1. This may be criticized since
the Benferroni test is too conservative and may fail to catch some
signiﬁcant ﬁndings in the multiple testing (Aickin and Gensler,
1996). From the criticisms of the comparison tests performed
(Table 6), it is felt that the procedures of the Tukey HSD, Sidak,
and Dunnett tests seem to be more consistent with each other
regarding the estimations of the signiﬁcance effects of the
addition of bottom ash to the natural soil in this work. None-
theless, the performances of the corresponding procedures should
be tested in a separate investigation.
Upon completion of the analysis of variance by the appropriate
multiple comparison tests, a multiple-range test could be pro-
posed to determine the nature of the differences among the means
particularly found to be signiﬁcantly different. This additional
effort could also be beneﬁcial for some conﬁrmation of the
multiple comparisons performed for the ﬁnal decision-making.
The Waller–Duncan multiple-range test, which is applicable for
comparing the means of the groups with samples of equal size
(i.e., 10 samples in this work) and the assumption of the homo-
geneity of variances (i.e., the conﬁrmed assumption in this work),
is selected for this study. This procedure is mainly based on
Bayesian principles and uses the obtained value of F (see
Table 5) to estimate the prior probability of the null hypothesisbeing true. The theory and descriptions underlying the Waller–
Duncan test can be found elsewhere (Waller and Duncan, 1969).
The results of the statistical differences of the control group and
the tested ones, due to the Waller–Duncan procedure, are given in
Table 7. In this method, the means for the groups are displayed
in homogeneous subsets. The mean values with different letters
in the same row show that they are signiﬁcantly different
statistically. For instance, for the row of parameter E, the groups
up to a 25% dosage include similar letters (i.e., ab, ab, b, a, ab,
and ab, respectively), which infers no statistically signiﬁcant
mean difference. However, the group with a 30% dosage includes
different letters (i.e., c) which indicates a statistically signiﬁcant
difference. A thorough examination of Table 7 shows that the
same ﬁndings are obtained as for the multiple comparison tests
performed for the signiﬁcance of bottom ash additions between
the control group and the testing groups. This makes the
conclusions drawn by the multiple comparisons even stronger.
The statistical signiﬁcances between the testing groups can also
be seen in Table 7, but this will not be discussed here since it is
not within the scope of this paper.
5. Effect size
Once it is known that the treatments are having some signiﬁcant
effect by the analysis of variance (i.e., by one-factor experiments)
and signiﬁcant pairwise differences are found in the group means
(i.e., by multiple comparisons), a statistical study is proposed to be
completed by the estimation of the effect size in the experimental
work. In statistics, the effect size is a beneﬁcial tool for reporting
and interpreting the effectiveness, which tells the experimenter to
select the most important one between the groups or parameters in
the experimental study. In this section of the study, the magnitude
of the effect among the variables included (i.e., UCS, strain, Ed,
Mr, and E) or among the experimental groups tested (i.e., groups
of the bottom ash dosages from 0% to 30%) is measured by the
effect size. This analysis may also contribute to some veriﬁcation
of the statistical study performed before. The effect size can be
considered as falling into one of the following general categories:
(i) Strength of shared variance between two or more variables,
(ii) The magnitude of differences between two or more groups,
(iii) Corrected estimates, and (iv) Risk estimates between two or
more groups. The reader is referred to the literature for more
descriptions of the effect size (Ferguson, 2009). In this present
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(i) and (ii). There is a wide array of formulas used to measure the
effect size of variables and groups in the population. The effect size
of the variance analysis on the variables has been estimated by one
of the common indices called Omega squared (ω2):
ω2 ¼ SSAðk1ÞMSE
SSTþMSE ð3Þ
where MSE is the mean square of error within the source of
variation (i.e., within groups shown in Table 5). The omega
squared scale is analogous to the coefﬁcient of determination (R2)
and indicates the total variance in the dependent variable (i.e.,
strength parameters in this study) that is taken into account by the
levels of independent variables (i.e., bottom ash dosages in this
study). As for the group differences, the method of Cohen's d has
been used to estimate the effect size:
d¼ X 1X2
s
ð4Þ
where X1X2 is the mean difference between the two groups,
and s is the standard deviation. Since the standard deviation is
almost an unknown issue, which brings about concerns on how to
represent it, the square root of the mean square error ðs¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MSE
p
Þ
from the analysis of variance has been used for the standard
deviation in Eq. (4) of this study. A positive effect size represents
an increase and a negative one represents a decrease due to the
admixture inclusion. The effect size in this study has been
interpreted based on the suggestions in the literature (Table 8).
The results of the effect size estimated by the omega squared and
Cohen's d are given in Tables 9 and 10, respectively.
As shown from the estimations of the omega squared method
in Table 9, the “strain” parameter has the lowest magnitude of
association. Parameters E and UCS are the most affected
variables followed by Mr and Ed in magnitude, respectively.
The results imply that the addition of bottom ash to the natural
soil in this work produced the highest effect on variables UCS
and E, on which the magnitude can be qualitatively described asTable 8
Suggestions for interpretation of effect size (complied by Ferguson, 2009).
Type Measure No effect or
slight
Moderate
effect
Strong
effect
Strength of
association
ω2 0.04 0.25 0.64
Group difference d 0.41 1.15 2.70
Table 9
Effect size of the variables in the analysis of variance.
Parameter ω2 Level
UCS 0.34 Moderate to strong
Strain 0.03 No effect or slight
Ed 0.16 Slight to moderate
Mr 0.21 Slight to moderate
E 0.35 Moderate to strong“moderate to strong”. This is followed by variables Mr and Ed
with the magnitude association of “slight to moderate”. There is
“no effect” on the “strain” variable due to the bottom ash
addition. From these ﬁndings, it can be concluded that the effect
sizes of the variables estimated by the omega squared method
match the p-values of the variance analysis well from the one-
factorial consideration (Table 5).
As for Cohen's d results in Table 10, it can be clearly shown
that the addition of 30% bottom ash yields the highest magnitude
on variables UCS, Ed, Mr, and E at the levels of “moderate”,
“moderate to strong” or “strong”. This implies that large quan-
tities of bottom ash particles have the most prominent effect on
the strength behavior. It is likely that the 30% bottom ash dosage
provides an effective bond development within the soil (Kayabali
and Bulus, 2000; Jorat et al., 2011). It is seen that the “strain”
variable again shows the magnitude of “no effect” or “slight” at
almost all the bottom ash dosages. This likely indicates that the
soilþbottom ash mixtures maintain the brittle behavior due to the
included dosages (Consoli et al., 2002). While there is “no effect”
on the UCS at the dosages of 5% and 25%, the dosages of 10%
and 20% present a “slight to moderate” effect on the UCS. The
dosages of 10–20% affect variable Ed with a magnitude of “slight
to moderate”, but “no effect” is obtained for this variable at the
dosages of 5% and 25%. Similar outcomes are obtained for
variable E, which has no effect due the dosages of 5%, 20%, and
25%, but a “slight to moderate” association is produced at the
dosages of 15% and 20%. These results generally show that the
effect of the addition of bottom ash on variables UCS, Ed, and E
follows an irregular trend mostly with a poor magnitude of
association (such as “no effect” or “slight to moderate”) up to the
dosage of 25%. It is reported that large fragments with only a
small amount of angular particles, such as bottom ash, may
present an irregular behavior in the mixture (Hart et al., 1995). As
a consequence of the effect sizes from Cohen's d method, it can
be concluded that the testing groups (i.e., bottom ash dosages of
5–30%) on the variables of strain, UCS, Ed, and E yielded the
effect sizes which are broadly consistent with the signiﬁcance
values (i.e., p-values) determined from the multiple comparison
tests. However, it should be noted that study limitations, the
failure to control other relevant predictors or threats to internal
validity, the reliability and validity of responses to the measures,
etc., should always be taken into consideration when drawing
conclusions on the effect size (Ferguson, 2009). On the other
hand, there is an inconsistency for variable Mr at the dosage of
30% such that the 30% dosage performs a magnitude association
of the “moderate” level on this variable, however, it is statistically
found insigniﬁcant from the multiple comparison tests. This may
be attributed to various reasons. The effect size estimations can
be inﬂuenced by sampling and measurement, such that samples
that are too small, or that are nonrandom, may produce biased
effect size results that should be taken into serious consideration
(Ferguson, 2007, 2009). In addition, several unknown methodo-
logical issues and the statistical methods used can fairly inﬂuence
the effect size. Statistical methods that reduce variance may
truncate the effect size estimations. Moreover, research designs
that fail to control extraneous variables (or hidden variables) may
tend to produce higher effect sizes (Olejnic and Algina, 2003).
Table 10
Effect size of the testing groups as compared with the control group.
Parameter Control group Testing group Cohen's d Level
UCS 0%BA 5%BA 0.13 No effect
0%BA 10%BA 0.86 Slight to moderate
0%BA 15%BA 0.06 No effect
0%BA 20%BA 0.87 Slight to moderate
0%BA 25%BA 0.26 No effect
0%BA 30%BA 2.35 Strong
Strain 0%BA 5%BA 0.37 No effect
0%BA 10%BA 0.64 Slight to moderate
0%BA 15%BA 0.47 Slight
0%BA 20%BA 0.01 No effect
0%BA 25%BA 0.40 No effect
0%BA 30%BA 0.10 No effect
Ed 0%BA 5%BA 0.14 No effect
0%BA 10%BA 0.65 Slight to moderate
0%BA 15%BA 0.59 Slight to moderate
0%BA 20%BA 0.71 Slight to moderate
0%BA 25%BA 0.14 No effect
0%BA 30%BA 1.59 Moderate to strong
Mr 0%BA 5%BA 0.31 No effect
0%BA 10%BA 0.25 No effect
0%BA 15%BA 0.74 Slight to moderate
0%BA 20%BA 0.78 Slight to moderate
0%BA 25%BA 0.20 No effect
0%BA 30%BA 1.04 Moderate
E 0%BA 5%BA 0.36 No effect
0%BA 10%BA 0.60 Slight to moderate
0%BA 15%BA 0.54 Slight to moderate
0%BA 20%BA 0.04 No effect
0%BA 25%BA 0.02 No effect
0%BA 30%BA 2.12 Moderate to strong
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In this section, the experimental results (means) are compared
with the statistical study (the multiple comparisons primarily from
Tukey HSD, Sidak, and Dunnett tests, and the effect size from
Cohen's d) with some complementary discussions. The means of
the variables at the testing dosages using the error bar (95%
conﬁdence interval for mean) are presented in Fig. 7 together
with the corresponding p-values and magnitude levels. As
implied before, the changes (increase or decrease) in the testing
variables are broadly in a good ﬁt trend with the statistical study.
It is clear from Fig. 7 that the 30% bottom ash dosages
produced the highest increase in variables UCS, Ed, and E. This is
relatively conﬁrmed with the statistical study that deﬁnes this
increase as signiﬁcant with an effect size of “moderate” to
“strong”. Mr also shows the highest increase at the 30% dosage;
however, its strength increase is statistically found insigniﬁcant by
a “moderate” effect size (see possible reasons of this disagreement
by Ferguson, 2007 and 2009 in Section 5). The enhancement of
the variables on the mixtures due to the bottom ash dosage of 30%
may be attributed to various reasons from an engineering point of
view. It is reported that as the bottom ash content increases, the soil
mixture changes from ﬁne to coarse material, and then the packing
density increases resulting in an increase in the internal angle of
friction (Kim, 2003). Due to the frictional resistance around the
particles and the pozzolanic reaction developed within the mixture,the increase in the bottom ash content results in an increase in
shear strength and stiffness, which provides higher resistance to
particle rearrangement (Kim et al., 2011; Kim and Do, 2012). Due
to the increase in stiffness and shear strength, a good performance
is obtained for the strength behavior of geomaterial including
bottom ash (Huang and Lovell, 1990). The strength performance is
more developed by smaller particles of bottom ash than those of
larger particles (Kim et al., 2011; Geetha and Ramamurthy, 2011;
Kim and Do, 2012). It is reported that the increase in mineral
composition of SiO2 and Al2O3, due to a higher content of pozzo-
lanic material (i.e., bottom ash) may result in the formation of
strong bonding in the geomaterial (Geetha and Ramamurthy,
2011).
It can be seen from Fig. 7 that up to the bottom ash dosage of
25%, the experimental results of all the strength variables show
mostly an instable tendency that presents a slight increase or
decrease. This trend also agrees well with the statistical study that
indicates an insigniﬁcant change mostly with a poor effect size.
There may be various reasons for this poor strength. One of them
is likely to be that the physical properties, such as morphology,
particle size, surface properties, and amorphous phase content,
primarily affect the ability of bottom ash to react in the geo-
materials (Jaturapitakkul and Cheerarot, 2003). Also, it is reported
that the binder dosage (i.e., bottom ash) and moisture content have
a signiﬁcant effect on the internal reaction of the mixture (Geetha
and Ramamurthy, 2011). Different degrees of interlocking of the
mineral particles at the different dosages of bottom ash (i.e., in
small quantities) may result in different frictional resistance for the
produced void ratios of the mixtures (Lambe and Whitman, 1979).
Considering the material behavior from Fig. 7, it is found that the
toughness deﬁned by variable Ed, that presents some moderate
contributions up to the bottom ash dosage of 25%, statistically does
not result in any signiﬁcant change in behavior. This compares
relatively well with the brittle behavior of the mixtures (Jorat et al.,
2011) deﬁned by the “strain” variable in this experimental work.
However, at the dosage of 30%, the signiﬁcant improvement
obtained in the toughness due to the bottom ash inclusion is not an
expected result (due to the engineering aspect from Consoli et al.,
2002; Sobhan and Mashnad, 2002). Thus, it is recommended that
the effect of a large quantity bottom ash on the toughness capacity
should be investigated separately particularly in terms of micro-
structural consideration.
As stated previously, through a factorial experimental analysis
of the testing results, the Tukey HSD, Sidak, and Dunnett tests
seem to be more consistent with each other for deciding the issue
of the effective dosage rate of bottom ash investigated in this paper
(see the criticisms in Section 4) (Table 6). It is likely that this
consistency indicates that they deserve a wider priority on the
decision of the dosage rate from the experimental results of this
study (Bender and Lange, 2001). The results of these multiple
comparison tests (i.e., p-values) have well been supported by the
multiple-range test of Waller–Duncan's procedure (Table 7). It is
reported that these tests consist of a strongest precaution (i.e., some
differences of means comparisons can be considered as non-
signiﬁcant) for preventing experimental errors (i.e., type I error).
The control of the strongest precaution is the best protection
against wrong conclusions and leads to the strongest statistical
Fig. 7. Comparison of experimental results (mean) and statistics (multiple comparison, Cohen's d). The error bar with 95% conﬁdence interval for mean.
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likely reveals that the results of this study, obtained from a factorial
analysis for the signiﬁcant effect, could be conservatively con-
sidered in the experimental analysis, which can provide the
experimental design to be on the safe side in practice. As its
calculation nature, the factorial analysis (one-factorial experiment
and multiple comparisons) is relatively beneﬁcial for an overall
assessment of the effects in terms of statistical signiﬁcance, but
offer no estimate of the magnitude of the effects (Bender and
Lange, 2001). Thus, the decision-making performed by the
factorial analysis is strengthened by the effect size estimation
(Tables 9 and 10). It is observed from the results that (Tables 5 and
6, 9 and 10; Fig. 7) the decisions obtained from the two methods
(i.e., factorial analysis, effect size) mostly match each other. Due to
this matching (Ferguson, 2009), the effect size estimates obtained
(Tables 9 and 10) and the interpretations employed (Table 8) in
this paper are likely to be accurate for the experimental study.
However, it should be noted that as with all statistical tools, effect
size estimates are just that, estimates, and there is no a general
agreement on the guideline where what magnitude of effect is
necessary to interpret the practical signiﬁcance (Ferguson, 2009).Nonetheless, due to the issue considered in this paper, the use of a
factorial analysis (i.e., statistical signiﬁcance) together with an
effect size estimation clearly provides an interpretation of testing
results that is statistically more robust.
From a comparison of the results, it can be concluded that the
experimental results mostly reﬂect well the engineering aspects of
previous studies and the ﬁndings of the statistical study of this
paper. For the decision-making on the effective dosage rates of
bottom ash, the experimental study beneﬁted relatively well from
the factorial analysis (one-factorial experiments, multiple compar-
isons) and the effect size estimations. It is worth noting that while
large quantities of bottom ash (i.e., 30% or greater) have a pro-
minent effect on the majority of the strength parameters of natural
soil, no signiﬁcant effect has arisen due to small quantities (i.e.,
25% or less). This distinction is in a good agreement with the
performances observed in the past studies (Kim and Prezzi, 2008;
Kim and Do, 2012; Boonserm et al., 2012). The overall conclusion
drawn from the present study potentially allows for bottom ash
to be employed for the improvement or the replacement of
ﬁne-grained soil in stabilization applications. The decision of the
dosage of an effective stabilizer to soil improvement is always
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lization. The ﬁndings obtained from the experimental study
through the factorial experimental analysis can provide a reliable
design in the mix proportions to the soil stabilization. Moreover,
the addition of bottom ash to the soil mixture has the beneﬁt not
only of soil improvement or replacement, but also of contributing
to recycling.
7. Conclusions
The study investigated the statistical signiﬁcance and magnitude
of the decision-making involved in the effective dosage rates of
bottom ash for improving some engineering properties of ﬁne-
grained soil. A statistical methodology of the factorial experimental
analysis (primarily multiple comparisons) and the effect size esti-
mation was employed through an experimental data analysis. The
following conclusions may generally be drawn from the results
obtained in this study:(1) The factorial analysis together with multiple comparisons
with the effect size estimation have become very useful for
accurate decision-making on the effective dosage rates of
bottom ash for the stabilization of ﬁne-grained soil.(2) p-values of statistical signiﬁcance (the factorial analysis)
and Cohen's d (as well as omega squared) (effect size)
compare well with each other on the decision-making.(3) Within the dosage rates limited to 30%, a statistically
signiﬁcant contribution is found for the majority of strength
parameters (UCS, Ed, and E) of the ﬁne-grained soil due to the
30% bottom ash inclusion (po0.05). The contributions are in
the magnitudes from “moderate” to “strong” by effect size
(i.e., Cohen's d41.15). From this, the bottom ash addition of
30% can be adequately proposed for the improvement of ﬁne-
grained soil as a soil stabilizer.(4) The remaining bottom ash dosages (i.e., less than 30%) do
not signiﬁcantly change (increase or decrease) the strength
parameters of untreated soil (i.e., p40.05, Cohen's
dr0.41). It is likely that they can at least be offered for
geotechnical applications by replacement with natural soil.
(i.e., since there is no signiﬁcant decrease in the strength
property of natural soil, the replacement can be done when
there is a lack of soil at the site or as a solution to disposal
problems to preserve the environment, etc.).(5) The potential improvement of soil treatment appears to depend
on the quantity of bottom ash dosage. Large quantities of
bottom ash addition (for instance, Z30%) seem to be able to
exhibit a prominent effect on the natural soil, but small
quantity additions (for instance, r25%) do not.(6) UCS values show that untreated soil is promoted to the
strength classiﬁcation of “very hard consistency” at large
quantities. It is observed from the stress–strain behavior
that untreated soil maintains its brittleness (strain-soft-
ening) due to the bottom ash inclusions.The effective dosage rate of stabilizers provides a reliable
design for the mix proportions to the soil stabilization. However,a cost-beneﬁt analysis is always required; this is recommended as
a topic for a separate investigation of future study.
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